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Abstract
The H+-ATP synthase from chloroplasts, CF0F1, was isolated, reconstituted into liposomes and ATP synthesis activity was measured after
energization of the proteoliposomes with an acid–base transition. The ATP yield was measured as a function of the reaction time after
energization, the data were fitted by an exponential function and the initial rate was calculated from the fit parameters. CF0F1 was
reconstituted by detergent dialysis in asolectin liposomes and phosphatidylcholine/phosphatidic acid (PtdCho/PtdAc from egg yolk)
liposomes. In asolectin liposomes, high initial rates of ATP synthesis (up to 400 s 1) were observed with a rapid decline of the rate; in
PtdCho/PtdAc liposomes the initial rate is smaller (up to 200 s 1), but the decline of the activity is slower. CF0F1 was reconstituted into
PtdCho/PtdAc liposomes either by detergent dialysis or into reverse phase liposomes. The dependence of the rate of ATP synthesis on the
phosphate concentration was measured with both types of proteoliposomes. The data can be described by Michaelis–Menten kinetics with a
KM value of 350 AM for reverse phase liposomes and a KM value of 970 AM for dialysis liposomes. Both KM values depend neither on the
magnitude of DpH nor on the electric potential difference, whereas Vmax decreases strongly with decreasing energization. At low phosphate
concentration, there are small deviations from Michaelis–Menten kinetics. The measured rates are higher than those calculated from the
fitted Michaelis–Menten parameters. This effect is interpreted as evidence that more than one phosphate binding site is involved in ATP
synthesis.
D 2002 Published by Elsevier Science B.V.
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1. Introduction
Themembrane-bound H+-ATPase from chloroplasts (ATP
synthase, CF0F1) couples a transmembrane proton transport
with ATP synthesis and ATP hydrolysis [1]. The enzyme has
a hydrophilic F1-part with subunit composition a3h3gyq
containing the nucleotide and phosphate binding sites and a
membrane-inserted F0-part with subunit composition I II
III12–14IV involved in proton transport [2]. It was shown
with the isolated F1-part that during ATP hydrolysis the
central g-subunit rotates relative to the a3h3 complex [3–
5]. More recently, rotation of the ring of c-subunits relative to
a3h3 complex was observed with the ATP synthase from E.
coli [6–8]. The h-subunits carry the catalytic nucleotide
binding sites, which are intrinsically identical, however,
interaction with other subunits, e.g. by docking–undocking
steps of the g-subunit, generates different conformations of
the binding site. The different conformations were termed
according to their nucleotide affinity as ‘‘high’’, ‘‘medium’’
and ‘‘low’’ affinity site and during ATP hydrolysis these
affinities change cooperatively in a cyclic way triggered by
the different interaction of the three h-subunits with the g-
subunit (for review see Refs. [9,10]). The rotation of the g-
subunit was visualized by single molecule spectroscopy
during hydrolysis of ATP and similarly, the experimental
evidence for the ‘‘binding change theory’’ was obtained
mainly by analyzing the mechanism of ATP hydrolysis.
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There are few data showing the involvement of multiple
nucleotide binding sites in ATP synthesis [11,33] (for review
see Ref. [12]).
If ADP (and ATP) has a different affinity to the nucleo-
tide binding site in its three conformational states (open,
loose, tight), one might expect that also the binding affinity
for Pi is different. The dependence of the rate of ATP
synthesis on the phosphate concentration has been measured
with thylakoid membranes and Michaelis–Menten kinetics
was observed with a random binding of ADP and phosphate
and no indication for the involvement of more than one
phosphate binding site was found [13–15]. These measure-
ments were restricted to high concentrations of phosphate,
presumably because thylakoid membranes always contain
some phosphate, which cannot be removed by washing. In
this work, CF0F1 was reconstituted into liposomes, the
proteoliposomes were energized by an acid–base transition
and ATP synthesis was measured [16,17]. When different
lipids and reconstitution procedures were used, the activity
of the reconstituted CF0F1 varied strongly [17,18]. There-
fore, in this work we compared the influence of different
lipids, methods of reconstitution and the redox state of
CF0F1 on ATP synthesis and optimized the conditions for
measuring high catalytic activities. The phosphate depend-
ence of the rate of ATP synthesis was measured with the
optimized system and the data indicate that more than one
phosphate binding site is involved in ATP synthesis.
2. Materials and methods
CF0F1 was isolated from spinach chloroplasts and puri-
fied as described earlier [19]. After purification, the enzyme
solution contained 300 g l 1 sucrose, 30 mM Tris/succinate,
pH 6.5, 0.5 mM EDTA, 2 g l 1 Triton X-100 (Sigma) and 1
g l 1 asolectin (Fluka) with a protein concentration of 3–10
g l 1. This solution was rapidly frozen and stored under
liquid nitrogen. The protein concentration was determined
as described by Markwell et al. [20] using bovine serum
albumin as standard. The molar concentration of CF0F1 was
calculated with a molecular mass of 550 kDa. Phosphati-
dylcholine (PtdCho) was isolated and purified from egg
yolk [21]; phosphatidic acid was prepared enzymatically
from phosphatidylcholine [22]. The purified lipids were
stored as chloroform solutions at  20 jC.
2.1. Preparation of liposomes with the ‘‘reverse phase’’
method and reconstitution of CF0F1
Liposomes were prepared from phosphatidylcholine and
phosphatidic acid using the reverse-phase method [23]. The
final phospholipid concentration was 16 g l 1 with 15.2-g
phosphatidylcholine, PtdCho, and 0.8-g phosphatidic acid,
PtdAc, in a buffer containing 80 mM NaCl, 20 mM tricine
and 20 mM succinate titrated with NaOH to pH 8.0. The
liposomes were passed 10 times through polycarbonate
membranes with a syringe in order to obtain liposomes with
a narrow size distribution. Two filters with 0.4- and 0.2-Am
pore diameters, respectively, were used in subsequent steps.
The reconstitution of CF0F1 followed the protocol of
Richard et al. [18], except for the use of chloride salts
instead of sulfates. Preformed liposomes (0.5 ml) were
diluted with 0.5 ml buffer (80 mM NaCl, 20 mM tricine
and 20 mM succinate titrated with NaOH to pH 8.0) and
MgCl2 was added to give a final concentration of 2.5 mM.
Triton X-100 solution (10%, w/v), 80 Al, was mixed with
20-Al CF0F1 (3 g l 1) and added to the liposomes and
continuously stirred at room temperature. After 1 h, 80 mg
of pre-washed SM-2 Biobeads was added to the lipid/
protein/detergent mixture. After 90 min, again 80 mg and,
after 180 min, 160 mg of Biobeads were added to the
reconstitution mixture. After 30 min the liposomes were
removed from the Biobeads. At the end the CF0F1 concen-
tration was about 100 nM and the lipid concentration was 10
mM. Proteoliposomes prepared by this technique could be
stored at 4 jC for 5 days without loss of activity.
2.2. Reconstitution of CF0F1 by cholate dialysis
Reconstitution of CF0F1 into liposomes from asolectin
was performed by detergent dialysis as described earlier
[17]. In addition to asolectin liposomes, dialysis liposomes
were also prepared from mixtures of phosphatidylcholine
and 5-mol% phosphatidic acid. After removal of the chloro-
form, the lipids were dissolved by sonication in the follow-
ing buffer: 10 mM tricine, 20 g l 1 cholic acid, 10 g l 1
deoxycholate, 0.5 mM DTT, 0.1 mM EDTA titrated with
NaOH to pH 8.0. Dialysis was carried out in dialysis cells
(Diachema) using the dialysis membrane Diachema MWC
5000. The chambers were filled with 450 Al of the sonicated
lipid solution and 50-Al CF0F1 solution and dialysed for 5 h
at 30 jC against 2 l of the dialysis buffer (10 mM Na-tricine,
pH 8, 2.5 mM MgCl2, 0.25 mM dithiothreitol, 0.2 mM
EDTA). The proteoliposomes contained about 100 nM
CF0F1 and had a lipid concentration of 10 mM. They also
could be stored at 4 jC for 5 days without loss of activity.
2.3. Reduction and oxidation of CF0F1 in proteoliposomes
Reduction of CF0F1 in proteoliposomes was performed
in two different ways. Proteoliposomes were incubated
either for 90 min with 50 mM dithiothreitol or they were
incubated for 20 min with 3 mM dithiothreitol and 10 AM
thioredoxin at room temperature. The activity of the enzyme
was the same with both procedures. In order to oxidize
CF0F1, proteoliposomes were incubated for 10 min with 2
mM iodosobenzoic acid.
2.4. ATP synthesis in a DpH/Du jump
ATP synthesis in a DpH/Du jump followed the pro-
tocol of Jagendorf and Uribe [16] with some modifica-
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tions. ATP synthesis was performed either with a rapid
mixing system or by mixing with a magnetic stirrer. The
use of a rapid mixing system (Durrum D133) has been
described earlier [17]. The acid–base transition by mix-
ing with a magnetic stirrer was carried out as follows.
Proteoliposomes (10 Al) were added to 50 Al of acidic
buffer 1 (20 mM sodium succinate, pH 4.9, 5 mM
NaH2PO4, 2.5 mM MgCl2, 0.6 mM KOH) and 5 AM
valinomycin freshly added. The resulting pH after addition
of the proteoliposomes was 5.4 and, after equilibration, it
was taken to be identical with pHin. After 2-min incubation,
ATP synthesis was started by addition of 60 Al of the
alkaline buffer 2 (200 mM tricine, 5 mM NaH2PO4, 2.5
mM MgCl2, 120 mM KOH, 200 AM ADP titrated with
NaOH, to pH 8.7). The resulting pH after mixing, i.e. pHout,
was 8.5. The mixing was carried out by injecting the
proteoliposomes equilibrated with buffer 1 with a syringe
rapidly into the same volume of buffer 2. Buffer 2 was
placed in a thermostated Eppendorf tube on a magnetic
stirrer. At different reaction times (between 0.5 and 15 s)
ATP synthesis was stopped by addition of 120-Al trichloro-
acetic acid (40 g l 1). The ATP concentration in a 10-Al
sample was measured by luciferin/luciferase [24]. The
background ATP was determined by quenching with tri-
chloroacetic acid before addition of buffer 1. Standard
conditions for ATP synthesis, as subsequently referred to,
were as follows: Buffer 1 containing the proteoliposomes
and 5 AM valinomycin was mixed with the same volume of
buffer 2. This resulted in pHout = 8.5, pHin = 5.4, i.e. the
transmembrane pH-difference, DpH, was 3.1. The ratio of
internal to external potassium was [Kin
+/Kout
+] = 0.6/60 mM.
Final ADP and phosphate concentrations were 100 AM and
5 mM, respectively. We used a nonsaturating ADP concen-
tration since the ADP contained about 3 mol% phosphate,
i.e. the lowest phosphate concentration was 3 AM. For
measuring the dependence of the rate of ATP synthesis on
the phosphate concentration, its concentration in buffer 1
and buffer 2 was changed. Since the phosphate concentra-
tion changes the buffer capacities of both buffers, they were
titrated in such a way that the pH during acidic incubation
( = pHin) was always 5.4 and that the pH after the acid–base
transition ( = pHout) was always 8.5 irrespective of the
phosphate concentration.
2.5. ATP hydrolysis
CF0F1 reconstituted into reverse phase liposomes was
activated by energization of the proteoliposomes under
standard conditions without ADP. Four seconds after
activation, 2 mM g-[32]-ATP] (2 kBq, Amersham-Buch-
ler) and uncoupler were added simultaneously. Every 10
s, up to a total reaction time of 60 s, 50-Al samples were
taken and denatured by addition of 50-Al trichloroacetic
acid (final concentration 2% w/w). The radioactive phos-
phate was extracted as phosphomolybdate complex as
described earlier [25].
3. Results
The purified CF0F1 has been reconstituted into liposomes
using different lipids. When asolectin proteoliposomes were
energized by DpH and Du, rates of ATP synthesis up to 200
s 1 were measured with a rapid mixing apparatus [17].
Similar experiments with phosphatidylcholine/phosphatidic
acid liposomes did not require rapid mixing techniques,
however, rates of ATP synthesis were much lower (10–50
s 1) [18]. The reason for this difference was not clear.
Therefore, we systematically compared in the following the
influence of lipids, reconstitution procedure, the redox state
of the enzyme and mixing techniques on the rate of ATP
synthesis, starting with the reconstitution procedure reported
in Ref. [18].
Reconstituted CF0F1 was oxidized with iodosobenzoate
or it was reduced with dithiothreitol/thioredoxin, or it was
used without special treatment (‘‘nontreated’’). ATP syn-
thesis and ATP hydrolysis were measured with CF0F1
reconstituted into reverse phase liposomes. The results are
summarized in Table 1. The rates of ATP synthesis with
nontreated and oxidized enzyme were the same; the rate
with the reduced enzyme was increased by 50% under
otherwise same conditions. The rates of ATP hydrolysis
were the same with nontreated and oxidized enzymes, and
they increased by a factor of more than 10 upon reduction.
These results show that the nontreated enzyme has the same
properties as the oxidized one. We conclude that CF0F1 is
obtained in the oxidized state after reconstitution, although
dithiothreitol is included in the buffers used for isolation and
reconstitution. In order to obtain well-defined conditions, in
the following the proteoliposomes were always either oxi-
dized or reduced.
In Fig. 1, ATP synthesis activities were compared,
when the liposomes were energized by an acid–base
Table 1
Activities of differently treated CF0F1
Conditions Rate of Rate of ATP hydrolysis, s 1
ATP synthesis, s 1
2 AM
gramicidin D
5 mM
NH4Cl
1 AM
nigericin
Nontreated 21F 2 0.5F 0.5 0.5F 0.5 1.5F 0.5
Oxidized 23F 3 nd 1.0F 0.5 nd
Reduced 32F 3 8.0F 0.5 7.0F 0.5 8.0F 0.5
CF0F1 was reconstituted into reverse phase liposomes. The proteoliposomes
were used either without further treatment (‘‘nontreated’’) or they were
oxidized by incubation with iodosobenzoic acid (2 mM) for 5 min at room
temperature (‘‘oxidized’’) or they were reduced by incubation with 3 mM
dithiothreitol and 10 AM thioredoxin for 20 min at room temperature
(‘‘reduced’’). ATP synthesis was measured with the differently treated
CF0F1 under standard conditions as described in Materials and methods.
ATP hydrolysis was measured with the same CF0F1 preparation. First,
CF0F1 was activated by an acid–base transition under standard conditions.
Four seconds after the activation, 2 mM g-[32P]-ATP and uncoupler were
added simultaneously and the amount of released radioactive phosphate
was measured in 10-s intervals for 1 min. From these data the rate of ATP
hydrolysis was calculated. Data represent the mean of five measurements.
nd, not determined.
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transition using different mixing techniques. The proteo-
liposomes were energized under standard conditions and
mixing was carried out either with a rapid mixing
apparatus (Durrum D133) or with a magnetic stirrer.
When CF0F1 was in its oxidized state no difference in
the rate between both procedures could be found (Fig. 1,
left). This indicates that the mixing efficiency with
magnetic stirring was good enough to measure ATP
synthesis with a time resolution of about 1 s. When
CF0F1 was in the reduced state, a different result was
obtained (Fig. 1, right). With magnetic stirring, the rate
was about 40 s 1, i.e. slightly higher than the rate
obtained with the oxidized enzyme. With the rapid
mixing system, the observed rate was about 2 s 1, or
in some cases not detectable. Therefore, it seems that the
reduction procedure makes the ATP synthesis activity of
the proteoliposomes more sensitive to the mechanical
stress exerted upon mixing in the rapid mixing system
either by disruption of the membrane or, more likely, by
dislocation or removal of the F1-part from the F0-part.
With thylakoid membranes the rate of ATP synthesis was
measured earlier with a rapid mixing system, with oxi-
dized and with reduced CF0F1 [26] and high rates (400
s 1) were obtained in both cases, indicating that in the
native membrane the stability of the reduced state against
mechanical stress is higher than in proteoliposomes. It
has been shown earlier that the F1-part of reduced CF0F1
can be dissociated from energized thylakoid membranes
much easier than the F1-part of oxidized CF0F1 [27]. The
data in Fig. 1 (right) show that it is possible to measure
ATP synthesis with the reconstituted CF0F1, when mixing
of the acidic and basic buffers is carried out by stirring.
Since this method is experimentally simpler and requires
less enzyme than the rapid mixing system, this method is
used in the following for assaying the activity of the
oxidized and the reduced CF0F1.
The assay conditions for ATP synthesis were optimized
for high catalytic activities. The transmembrane electric
potential difference, Du, was changed by varying the
external K+ concentration at an internal K+ concentration
of 0.6 mM. At DpH 2.5, the rate increased continuously
with increasing KCl concentration reaching constant rates
above 100 mM. At DpH 3.5 the highest rates were obtained
between 20 and 100 mM KCl and then decreased at higher
KCl concentrations. The decrease of the rate is presumably
due to the increased Cl concentration. When the K+
concentration was adjusted by titrating the Tricine buffer
with KOH, this effect was not observed. Therefore, under
standard conditions the concentration of 60 mM K+ was
established by addition of 60 mM KOH and the pH was
adjusted to pH 8.5 by titration with NaOH. A further
parameter influencing the magnitude of Du is the valino-
mycin concentration. The valinomycin concentration in
buffer 1 during equilibration of proteoliposomes in this
buffer was varied. The rate increased with increasing
valinomycin concentration, reaching a maximum at 5 AM
and this concentration was used in the following.
We then optimized the different reconstitution procedures
with respect to high ATP synthesis activity. CF0F1 was
either reconstituted into preformed phosphatidylcholine/
phosphatidic acid liposomes (reverse phase liposomes) or
reconstituted by detergent dialysis with the same lipids. In
the latter case, formation of liposomes and reconstitution of
CF0F1 into the membrane occur simultaneously. Further-
more, the effect of different lipids using the same recons-
titution procedure was investigated. CF0F1 was reconstituted
Fig. 1. ATP yield as a function of reaction time using different mixing techniques. CF0F1 was reconstituted into liposomes prepared with the reverse phase
technique and the enzyme was either oxidized by incubation with iodosobenzoic acid or reduced by incubation with dithiothreitol. The proteoliposomes were
energized under standard conditions. After their equilibration in buffer 1, mixing with buffer 2 was carried out either with a Durrum D133 rapid mixing system
(open circles) or by mixing in a thermostated Eppendorf tube placed on a magnetic stirrer (closed circles). Left: Data obtained with oxidized CF0F1. The rate for
both mixing techniques was the same (36 s 1). Right: Data obtained with reduced CF0F1. The rate obtained with magnetic stirring was 40 s
 1, with the rapid
mixing system 2 s 1.
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by detergent dialysis either into liposomes from phosphati-
dylcholine/phosphatidic acid (egg yolk) or from asolectin
(soy bean lecithin). We optimized theses procedures with
respect to the lipid to protein ratio, lipid to detergent ratio
and the composition and concentration of the buffers. The
final procedures are described in Materials and methods.
Attempts to prepare asolectin liposomes with the reverse
phase technique failed.
Fig. 2 shows some examples of ATP synthesis as a
function of reaction time under standard conditions with
different proteoliposomes containing either oxidized or
reduced CF0F1. The ATP yield increases linearly at short
reaction times and reaches then a maximal value. For all
proteoliposomes (Fig. 2, left, center and right) the ATP yield
with oxidized CF0F1 is somewhat smaller and the difference
in the ATP yield between oxidized and reduced enzyme
increases with increasing reaction time. The initial rates of
ATP synthesis (i.e. the slopes of the curves at t = 0) are high
and they decrease with reaction time due to the decrease of
membrane energization by the proton efflux. The higher
rates observed with the reduced enzyme are presumably due
to the fact that the reduced CF0F1 requires a lower mem-
brane energization for ATP synthesis [26]. The initial rates
of ATP synthesis do not depend on the reconstitution
procedure (Fig. 2, left and center); however, higher ATP
yields are reached with the dialysis liposomes. This pre-
sumably indicates that the decay of the energization is
slower in dialysis liposomes than in reverse phase lip-
osomes. Fig. 2, center and right, shows a comparison
between egg yolk lecithin and soy bean lecithin using the
same reconstitution procedure (dialysis). With asolectin, the
initial rate is higher, but the maximal ATP yield is lower, i.e.
the energization of membrane decays very fast. Thus,
measurements of the initial rate with asolectin liposomes
require rapid mixing techniques in accordance with earlier
results [28].
The measurement of the initial rates of ATP synthesis,
i.e. the rates at t= 0, are of special importance since, directly
after mixing, the concentrations of all species, Hin,
+ Hout ,
+ Kin
+ ,
Kout
+ , etc., are exactly known. When a linear increase of the
ATP yield is observed for some seconds, the initial rate can
be determined directly from the slope. When a nonlinear
increase is observed, the time resolution must be increased
by using rapid mixing techniques, so that a linear region can
be experimentally observed. When rapid mixing is impos-
sible, e.g. when the mechanical stress inactivates the
enzyme, the time course of the ATP yield can be described
by an exponential function (Eq. (1)) and the initial rate can
be calculated from the fitted parameters.
ATP ¼ ATP0 þ ATPmaxð1 expðktÞÞ ð1Þ
ATP is the ATP concentration at reaction time t; ATP0 is
the ATP concentration at t= 0, which is the background ATP
resulting mainly from the ATP content of the ADP. ATPmax
is the maximal ATP concentration generated in the experi-
ment; k is a rate constant, which is connected with the decay
of the membrane energization. The data were fitted with this
Fig. 2. ATP yield as a function of the reaction time by different proteoliposomes. CF0F1 was reconstituted either into reverse phase liposomes (left) or by
detergent dialysis (right and center). Left and center panels show data with phosphatidylcholine/phosphatidic acid from egg yolk, right with asolectin from soy
beans. The enzyme was either oxidized (circles) or reduced (triangles). The proteoliposomes were energized under standard conditions and the ATP yield was
measured as a function of reaction time.
Table 2
Rate of ATP synthesis with different lipids, different reconstitution
procedures with oxidized and reduced CF0F1
Lipids, reconstitution and Rate of ATP synthesis (s 1)
redox state of CF0F1 Initial rate Rate at t = 1 s
asolectin, dialysis, oxidized 400F 100 170F 30
asolectin, dialysis, reduced 400F 50 190F 40
PtdCho/PtdAc, dialysis, oxidized 180F 50 170F 30
PtdCho/PtdAc, dialysis, reduced 210F 70 180F 50
PtdCho/PtdAc, reversed phase, oxidized 250F 60 180F 40
PtdCho/PtdAc, reversed phase, reduced 210F 50 170F 30
The data are averages of three different enzyme preparations. At t = 0 the
initial rates are calculated from Eqs. (1) and (2), the rates at t= 1 s are
obtained by linear regression between t = 0 and t = 1.5 s.
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equation, k and ATPmax being the free parameters. All
curves in Fig. 2 are calculated with Eq. (1) using the fitted
parameters k and ATPmax. The initial rate of ATP synthesis
at t = 0 is then obtained from Eq. (2), i.e.:
dATP
dt
 
t¼0
¼ kATPmax ð2Þ
The initial rates calculated from Eqs. (1) and (2) are
given in Table 2 and for comparison the rates obtained by
linear regression between t= 0 and t = 1.5 s are shown. The
initial rates and those at t= 1 s observed with phosphati-
dylcholine/phosphatidic acid are equal within error limits
for both reaction times. Only for asolectin the calculated
initial rates are much higher than at t= 1 s, indicating that
the time resolution obtained by mixing with magnetic
stirring is not high enough for the initial rate to be measured
directly. The initial rates observed with reverse phase
PtCho/PtdAc liposomes are slightly higher than those
observed with dialysis liposomes.
We then investigated the dependence of the rate of ATP
synthesis on phosphate concentration. The proteoliposomes
were energized under standard conditions and the phosphate
concentration was changed in buffer 1 and buffer 2. Fig. 3
(left) shows the initial rates of ATP synthesis as a function
of the phosphate concentration. The top panel shows data
from reverse phase liposomes; the bottom panel, results with
dialysis liposomes. The solid lines represent the Michaelis–
Menten kinetics calculated by nonlinear regression. The
result was KM=(290F 25) AM, Vmax=(80F 3) s 1 for
CF0F1 in reverse phase liposomes and KM=(970F 30)
AM, Vmax=(110F 5) s 1 for CF0F1 in dialysis liposomes.
Table 3
KM values for phosphate at different energizations with dialysis
liposomes and reversed phase liposomes with reduced CF0F1
Conditions Dialysis
liposomes
Reverse phase
liposomes
KM, AM Vmax, s 1 KM, AM Vmax, s 1
DpH= 3.1,
Kin
+ /Kout
+ = 0.6 mM/60 mM
900F 70 106F 3 320F 20 81F 2
DpH= 3.1,
Kin
+ /Kout
+ = 80 mM/80 mM
940F 100 82F 3 nd nd
DpH= 2.8,
Kin
+ /Kout
+ = 0.6 mM/60 mM
nd nd 370F 60 52F 3
DpH= 2.8,
Kin
+ /Kout
+ = 80 mM/80 mM
1010F 220 12F 1 nd nd
Fig. 3. Rate of ATP synthesis as a function of the phosphate concentration. CF0F1 was reconstituted either into reverse phase liposomes or into dialysis
liposomes and energized under standard conditions at different phosphate concentrations. ATP yield was measured as a function of reaction time and the initial
rates of ATP synthesis were calculated. Data were fitted with Michaelis–Menten kinetics and the solid line is the result of a nonlinear regression analysis. Top:
Reverse phase liposomes with oxidized CF0F1. Bottom: Dialysis liposomes with oxidized CF0F1. Panels at the right side: Eadie–Hofstee plots of the data.
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The KM value is a factor of 3 higher in dialysis liposomes
whereas Vmax is changed only slightly compared to reverse
phase liposomes. Similar KM values were obtained when
reduced CF0F1 was investigated (see Table 3). In a first
approximation the description of the data by Michaelis–
Menten kinetics is good. However, the data at low phos-
phate concentrations are not well described. This can be
better appreciated in Eadie–Hofstee plots which are shown
in Fig. 3 (right panels). The solid lines at high rates show
again the Michaelis–Menten kinetics with the same param-
eters as in Fig. 3 (left). At low rates there are deviations, and
for reverse phase liposomes we calculated a regression line
for the data below 30 s 1 and obtained from the slope
KM= 137 AM. (Fig. 3 right). Since the scattering of the data
with dialysis liposomes is very high we have not calculated
a second KM value, however, it is clear that also in this case
at low rates the data are centered above the Michaelis–
Menten curve (Fig. 3, right, bottom panel).
We then investigated whether the KM at high phosphate
concentrations depends on membrane energization. Fig. 4
shows the rate of ATP synthesis as a function of phosphate
concentration at DpH 3.1 and 2.8 for reverse phase lip-
osomes (bottom) and for dialysis liposomes (top). The data
were analyzed by nonlinear regression and the Michaelis–
Menten parameters are listed in Table 3. For reverse phase
liposomes, the KM was 320 AM at DpH 3.1 and 370 AM at
DpH 2.8. For dialysis liposomes the KM values were 950
and 1010 AM at DpH 3.1 and DpH 2.8, respectively. We
conclude that the KM values of phosphate did not depend
significantly on the magnitude of energization in the range
investigated; however, they differed for dialysis liposomes
and reverse phase liposomes.
4. Discussion
In this work we investigated the experimental parame-
ters, which might give rise to the different rates of ATP
synthesis reported for CF0F1 reconstituted into liposomes
[17,18]. Rapid mixing carried out with a commercial pneu-
matically driven mixing apparatus was compared with
mixing by injection with a syringe combined with magnetic
stirring. With oxidized CF0F1, the same enzyme activity was
found in both cases. With reduced CF0F1, the enzyme
activity observed by rapid mixing was almost zero; that
observed with gentle magnetic stirring was similar to the
oxidized enzyme. These results indicate that reduction of
CF0F1 makes the enzyme more sensitive to mechanical
stress. Recently, it was shown that energization of the
thylakoid membranes by light causes a destabilization of
CF0F1 which occurs with the reduced CF0F1 at lower DpH
than with oxidized CF0F1 [27]. These authors concluded
that reduction and activation of CF0F1 lead to a weakening
of the binding between CF0 and CF1, resulting in a higher
sensitivity of the metastable active state against chaotropic
ions. In the present work we reach a similar conclusion
regarding the sensitivity of the enzyme against mechanical
stress. The weakening of the interaction between CF0 and
CF1 upon energization might be related with the mechanism
of the enzyme, e.g. rotation of some parts with respect to
other parts.
After optimization of the reaction condition with respect to
the transmembrane electric potential difference, we inves-
tigated the effect of different reconstitution procedures and
different lipids on the rate of ATP synthesis. When CF0F1
(either oxidized or reduced) was reconstituted into PtdCho/
PtdAc liposomes by detergent dialysis or into reverse phase
liposomes with Biobead-treatment, the same initial rates
(approximately 200 s 1) were obtained. After reconstitution
into asolectin liposomes by detergent dialysis, initial rates up
to 400 s 1 were observed. These high rates were only
Fig. 4. Rate of ATP synthesis as a function of phosphate concentration at
different proteoliposomes energization. Reduced CF0F1 in reverse phase
liposomes or in dialysis liposomes was energized with different DpH and
Du and the rates of ATPsynthesis were measured. Data were fitted with
Michaelis–Menten kinetics and the solid lines resulted from a nonlinear
regression analysis. Top: Dialysis proteoliposomes were energized under
standard conditions with DpH= 3.1 and [Kin
+ /Kout
+ ] = 0.6 mM/60 mM
(closed circles) or DpH= 3.1, [Kin
+ /Kout
+ ] = 80 mM/80 mM (open circles) or
DpH= 2.8, [Kin
+ /Kout
+ ] = 80 mM/80 mM (triangles). Bottom: Reverse phase
proteoliposomes were energized under standard conditions with DpH= 3.1,
Kin
+ /Kout
+ = 80 mM/80 mM (closed circles) or DpH= 2.8, Kin
+ /Kout
+ = 0.6 mM/
60 mM (triangles).
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obtained by extrapolating the ATP yield–time curves to the
initial conditions. The average rate for the first second after
mixing was only about 200 s 1, i.e. the rate dropped rapidly
and after about 2 s the rate was zero. This observation is in
accordance with earlier results where we found that the use of
a rapid mixing technique is essential for the observation of
high rates of ATP synthesis [17,28]. Liposomes from egg
yolk phosphatidylcholine gave a different result: The initial
and average rates for the first second were almost identical
and no difference was observed for dialysis liposomes and
reverse phase liposomes. The initial rate observed in this case
was only half of that obtained with asolectin liposomes.
However, this rate decreased much more slowly than in
asolectin liposomes, being almost constant for about 3 s in
dialysis liposomes with reduced CF0F1. These data indicate
that the transmembrane proton flux in asolectin liposomes is
much higher than in PtdCho/PtdAc liposomes, so that the
membrane energization decreases within about 1–2 s to a
level below which ATP synthesis is not possible. It should be
mentioned that already the basal proton permeability of
asolectin liposomes (i.e. without phosphorylation coupled
proton flux) is a factor of 10 higher than that of PtdCho/PtdAc
liposomes [29,30].
Several biochemical investigations (for reviews see Refs.
[9,12]) and the X-ray structure [31] revealed the existence of
three catalytic and three noncatalytic nucleotide binding sites
on the F1-part of the enzyme. Investigations of ATP hydrol-
ysis and nucleotide binding to F1 and to F0F1 gave evidence
for the cooperation of different catalytic sites [32–34]. A
cooperativity of catalytic sites was also reported for proton
transport coupled ATP synthesis [35,36]. These results show
that the catalytic sites differ in their affinity for substrates ATP
and ADP. If this is true also for the phosphate affinity, the
dependence of the rate of ATP synthesis on the phosphate
concentration should show deviations from Michaelis–
Menten kinetics. In the literature we did not find indications
for deviations from Michaelis–Menten kinetics even though
the phosphate dependence of ATP synthesis has been repeat-
edly measured in thylakoid membranes and KM values
between 600 and 1000 mM have been reported [13–
15,37–41].
In this work we have measured the rate of ATP synthesis
from 10 mM to 10 AM phosphate with CF0F1 reconstituted
into liposomes. Low phosphate concentrations as used here
are difficult to obtain with chloroplasts since thylakoids
always contain phosphate (mol Pi/mol Chlc 0.5–1), which
cannot be removed bywashingwithout loss of CF0F1 activity.
With reconstituted CF0F1 proteoliposomes, low phosphate
concentrations could be easily realized and the initial rate of
ATP synthesis was measured after energization with an acid–
base transition (DpH and Du). At concentrations >100 AM
the data can be well described by Michaelis–Menten
kinetics. However, below this concentration deviations from
Michaelis–Menten kinetics are observed. A fit of the low
concentration data (Fig. 3) resulted in an additional KM value
of approximately 130 AM. However, it should be mentioned
that the deviations from Michaelis–Menten kinetics are
small, so that a detailed enzyme kinetic modeling seems to
be inappropriate. Nevertheless, the deviations indicate that
more than one catalytic site is involved and that phosphate
affinity is different at these sites.
The KM value at high phosphate concentration does not
depend on the magnitude of DpH and Du as concluded from
the data in Fig. 4. Similar to what found in this work,
Strotmann et al. [40] observed that the KM for phosphate
was 0.8 mM for oxidized and reduced CF0F1 and it did not
depend onDpH (atDu = 0). Pa¨nke and Rumberg [14] found a
decrease of phosphate KM from 2.5 mM at DpH 2.0 to 0.5
mM atDpH 2.5, and they presented a detailed enzyme kinetic
model to explain these data. The reported KM’s for phosphate
at DpHc 2.5 are similar in both reports; the reason for the
different DpH dependence of KM is not yet clarified.
The high KM found in this work for CF0F1 in dialysis
liposomes (approximately 1 mM) is similar to that reported
for thylakoid membranes [14,40]. In reverse phase lip-
osomes the KM is significantly lower. The reason for this
difference is unknown. It might be due to some differences
in membrane properties of these liposomes like composi-
tion, fluidity and curvature of the membrane. If such small
differences lead to a change of the KM in this artificial
system, it is possible that differences in KM’s reported for
thylakoid membranes reflect differences in the lipid compo-
sition of the native membrane.
Phosphate binding to the F1-part and to F0F1 without
energization of the membrane has not yet been unequivocally
demonstrated (for review see Ref. [12]). Analysis of the uni-
site ATP hydrolysis catalyzed by F1 indicated that phosphate
binding to F1 (and to membrane-bound CF0F1 without
energization) is characterized by a dissociation constant of
KD>1 M [42–44]. Energization of the membrane leads to
phosphate binding characterized by KM (and KD) in the range
of 1 mM, i.e. to an increase in the binding affinity for
phosphate. The data presented in this work further indicate
that a second phosphate binding site might be involved in
ATP synthesis and, similar to what was found for ADP
binding at catalytic sites [35,36], the two sites differ in their
phosphate binding affinities.
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